Introduction
Perforin is a pore-forming member of the membrane-attack-complexperforin (MACPF) family of proteins. [1] [2] [3] It is stored in the secretory granules of cytotoxic lymphocytes (CLs), which seek out and bind virus-infected or transformed target cells and form a transient immunologic synapse. Upon activation by a target cell, the CL triggers the exocytosis of secretory granules containing perforin and the proapoptotic serine proteases, including granzyme B, into the synaptic cleft, resulting in target cell death. 4 Although granzyme B applied to target cells alone can be internalized through endocytosis, it remains inert and unable to reach its cytosolic substrates 5, 6 ; perforin's key function is thus to enable granzyme delivery into the cytosol to initiate apoptosis. Consistent with this, perforin-deficient CLs are unable to kill target cells through the granule pathway. As a result, perforin-deficient mice are unable to clear many viral infections, and this is manifested as major immune dysregulation; these mice also fail to reject transplanted tumors and develop spontaneous B-cell lymphomas as they age. 7 Humans deficient in functional perforin develop familial hemophagocytic lymphohistiocytosis (FHL), 8 and recent work suggests some individuals with incomplete loss of perforin function are predisposed to hematologic cancers. 9 Overall, perforin is essential for CL function in the immune surveillance of viral infections and cancer.
How perforin enables the delivery of granzymes into the cytosolic compartment of the target cell is a fundamentally important immunological process but has remained largely unresolved, despite significant research efforts. Our recent structural studies have definitively shown that perforin monomers polymerize to form a range of pores, the majority having internal diameters of 120 to 170Å, which easily allows for trans-lumenal diffusion of granzyme molecules, typically ;50Å in diameter. 10 A lack of direct evidence for pores of this magnitude on the target cell plasma membrane previously led scientists to hypothesize a more complex, multistep route of granzyme delivery [11] [12] [13] [14] [15] [16] : rather, perforin was proposed to perturb the target cell plasma membrane by forming very small or partial pores 17 to allow the cytosolic entry of calcium ions and trigger the coendocytosis of perforin and granzyme into an endosomal compartment. Within this compartment, perforin was suggested to finally reassemble into much larger pores, allowing "leakage" of granzymes into the cytosol.
In view of our recent structural findings, we revisited perforin pore formation on the target cell plasma membrane. In the present study, we performed a detailed kinetic analysis of perforin's action on target cells using bona fide killer/target cell conjugates, as well as purified cytotoxins. Critically, we designed a novel technique to demonstrate, for the first time, the precise moment at which perforin permeabilizes the target cell membrane and elicits a rapid influx of the extracellular milieu (including granzymes) into the target cell cytosol. Upon delivery of this lethal hit, target cells evoked a membrane repair response to reseal the site of perforin damage, ultimately limiting osmotic stress and cell lysis. Despite this, we found that the amount of granzyme diffusing into the cell during this short time frame (around 80 seconds) was invariably fatal for the target cell. Our current study therefore gives credence to the diffusion model as the likely mechanism through which granzymes are delivered via perforin pores at the plasma membrane to initiate apoptosis.
Methods
Isolation of primary human cytotoxic lymphocytes from peripheral blood was performed in accordance with Peter MacCallum Cancer Institute Ethics Committee Project No. 01/14. The isolation of primary mice CLs was approved by Peter MacCallum Cancer Centre Animal Ethics Committee Project No. E393.
Reagents
Compound 20 was obtained from Bespoke Medicinal Chemistry (Shanghai, China). The rat anti-human BH3 interacting-domain death agonist (Bid) antibody was a gift from R. Kluck (Walter and Eliza Hall Institute, Melbourne, Australia), and the mouse monoclonal anti-perforin antibody (P1-8) was a gift from H. Yagita (Juntendo University, Tokyo, Japan). Standard commercial reagents are described in the supplemental Materials on the Blood website.
Calcium flux
Jurkat cells were labeled with 2 mM Indo-1-AM for 20 minutes at 37°C/5% CO 2 in HE (150 mM NaCl, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES], 1 mM MgCl 2 , 0.1% [w/v] bovine serum albumin [BSA] ). Cells were washed twice in HE and then resuspended in RPMI 1640, 0.1% (w/v) BSA. Cells were resuspended to 1 3 10 5 cells/mL in RPMI 1640 media. Relative intracellular calcium concentrations were determined by the ratio of violet:blue (420:510 nm) wavelengths using the FACsVantage SE DiVa flow cytometer (BD Biosciences). Cells were maintained at 37°C, and a baseline reading was established before addition of recombinant perforin. Mean Indo-1 ratios were determined using FlowJo software.
Bid cleavage assays
HeLa cells were trypsinized, washed twice in Dulbecco's modified Eagle medium containing 0.1% (w/v) BSA and then resuspended to 1 3 10 6 cells/mL in Dulbecco's modified Eagle medium, 0.1% (w/v) BSA. Cells were treated with a sublytic dose of perforin (15-35 ng/mL/1 3 10 6 cells) and incubated at 37°C. Cell aliquots were removed and combined with media containing 62.5 nM granzyme B at various times after perforin addition. Cells were incubated for a further 10 minutes at 37°C after granzyme addition and then transferred to ice. Cells were washed twice in ice-cold phosphate-buffered saline and resuspended in lysis buffer (250 mM NaCl, 25 mM HEPES, 2.5 mM EDTA, 0.1% [v/v] NP-40, 80 mM aprotinin, 1 mM 4-(2-Aminoethyl)benzensulfonyl fluoride, 1 mM pepstatin A, 2 mM leupeptin) containing 50 mM compound (to inhibit postlysis Bid cleavage). Cells were incubated on ice for 10 minutes and centrifuged at 16 100g, and the supernatant was retained for Bid immunoblot analysis. Bid cleavage assays in Jurkat cells were performed as described above for the HeLa cells, except RPMI 1640 containing 0.1% (w/ v) BSA media was used.
Negative stain electron microscopy
Wild-type mouse perforin (3 mL, 5-10 mg/mL) in 150 mM NaCl, 1 mM CaCl 2 , and 50 mM L-Maleic acid, MES buffer, pH 6.0, 6.5, and 7.5, or perforin-eGFP and wild-type mouse perforin (3 mL, 10 mg/mL) in 150 mM NaCl, 1 mM CaCl 2 , and 20 mM HEPES, pH 7.4, was incubated with PC/ cholesterol (1:1 molar ratio) lipid monolayers as described previously 18 for 30 minutes at 37°C and stained with a few drops of 1% (w/v) uranyl acetate. Lowdose micrographs of negatively stained samples were recorded on a Gatan 4k34k CCD camera (15 mm/pixel) using a Tecnai F20 microscope (FEI) at 200 keV and 367 000 magnification. Additional information is provided in supplemental Materials.
Results
Repair of perforin pores at the plasma membrane restricts granzyme entry
To understand the mechanism of perforin-mediated granzyme delivery, we first sought to investigate the precise kinetics of perforin pore formation on the target cell plasma membrane. We studied large numbers of cells in all our assays to ensure statistically sound results. Initially, we examined the kinetics of calcium restoration using the ratiometric calcium dye Indo-1. Consistent with previous studies, 11 treatment of Jurkat cells with sublytic perforin alone (a dose resulting in ,10% cell death by lysis over a 30-minute incubation period; supplemental Figure 1A ) produced rapid calcium influx, with maximal levels achieved at 3 minutes ( Figure 1A ; supplemental Figure 1B ). The decay phase (restoration to low cytosolic calcium) had a half-life of 2.69 6 0.13 minutes. We proposed that the transient calcium influx reflected the formation of perforin pores, followed by rapid repair and restoration of basal cytosolic calcium by Ca 21 efflux pumps. To determine whether membrane trafficking can facilitate the restoration of intracellular calcium, Jurkat cells were treated with sublytic perforin for 3 minutes at 37°C, allowing intracellular calcium concentrations to reach their maxima. The cells were then either left at 37°C for the next 30 minutes or shifted to 4°C, so that both endocytosis and exocytosis would be blocked. As we found previously, calcium returned to nearbaseline levels at 37°C but failed to do so at 4°C (supplemental Figure 1C) . We postulated that the perforin pores had remained open because of the block in membrane repair. To test this possibility, cell viability was assessed by incorporation of 7-amino-actinomycin D (7-AAD). We found that ;10% of cells underwent lysis when allowed to recover at 37°C, whereas ;70% died after recovery at 4°C (supplemental Figure 1D) . Increasing the osmotic stress by applying a higher dose of perforin further inhibited cell recovery (supplemental Figure 1E ). These data indicate that transient perforin pores form on the majority of cells exposed to sublytic perforin and that membrane trafficking is a crucial mechanism for their repair. Also, this observation offers a simple mechanism behind the synergy of sublytic perforin and granzymes that results in apoptosis to the majority of treated cells (see below). Clearly, this is possible because most target cells have transmembrane pores formed on their cell surface.
To further examine the kinetics of repair, cells were exposed as before to sublytic perforin at 37°C, and cell aliquots were progressively moved to 4°C. Longer recovery at 37°C markedly reduced Jurkat cell death ( Figure 1B) , and escape from osmotic stress also correlated with cell capacity to exclude dextran (supplemental Figure 1F) . Maximal cell lysis under these conditions occurred 2 to 3 minutes after perforin treatment, and escape from cell death (7-AAD exclusion phase) had a half-life of 2.87 6 0.38 minutes. These data clearly show a time-dependent repair of pores formed at the plasma membrane.
If active membrane repair restores plasma membrane integrity, we predicted that granzyme entry into the cytosol (and cell death) would be restricted by the same mechanism. To formally test this hypothesis, cells were treated with sublytic perforin at 37°C, and granzyme B addition was progressively delayed. It has been shown that specific proteolytic cleavage of Bid by granzyme B is the crucial first step in the death cascade for human granzyme B and occurs extremely rapidly (within 2 minutes) once granzyme B reaches the cytosol. 19 We therefore used Bid cleavage as a marker of effective granzyme delivery. We found Bid cleavage to be markedly diminished the longer that granzyme B addition was delayed ( Figure 1C ; supplemental Figure 1G ), consistent with a short "window of opportunity" for granzyme entry, due to rapid membrane repair. Consistent with this observation, delaying granzyme B addition also resulted in the rapid loss of DNA fragmentation, a late manifestation of apoptosis ( Figure 1D ; supplemental Figure 1H ). As predicted, delaying granzyme B addition also resulted in cell survival ( Figure 1E ; supplemental Figure 1I ): the reduction of cell death had a half-life of 2.68 6 0.16 minutes and corresponded almost precisely with the halflives of calcium flux restoration and 7-AAD exclusion ( Figure 1F ). Thus, a 15-minute delay in adding granzyme B resulted in the complete loss of perforin/granzyme synergy. These data confirm that the repair of plasma membrane pores restricts the cytosolic diffusion of calcium ions and granzymes.
Rapid delivery of granzyme B and initiation of cell death
We next examined the timespan during which granzyme B's proteolytic activity in the cytosol was crucial to activate apoptosis. In these experiments, cells were treated simultaneously with perforin and granzyme B, followed by the addition of compound 20, a potent membrane permeable granzyme B inhibitor, 20 at later time points. Cell viability was assessed after a 24-hour incubation period (supplemental Figure 2 ). Early addition of compound 20 protected cells from perforin/granzyme-dependent death, but protection from cell death was lost if compound 20 was withheld for as little as 3 minutes (Figure 2A ). Importantly, compound 20 treatment had no effect on cell viability, either alone or in combination with perforin. The early addition of compound 20 also blocked the proteolytic cleavage of Bid by granzyme B in a time-dependent manner ( Figure 2B ), but minimal Bid processing was necessary to initiate the apoptotic signal. Similarly, we also observed rapid (,2 minutes) cleavage of Bid by stopping the reaction with temperature restriction (4°C) in the absence of compound 20 quenching (data not shown), consistent with our previous work. 19 These data demonstrate that granzyme B activity during the first 3 minutes after it reaches the cytosol is sufficient for maximal cell death.
Rapid diffusion through repairable pores at the immunological synapse
Our recent structural characterization of perforin pores revealed an average lumen diameter of ;150Å, easily large enough to accommodate the passage of granzymes (;50Å diameter). However, direct evidence of passive diffusion into a target cell at the immunological synapse has never been produced. Indeed, some studies have even suggested that while uptake of calcium through the pores is possible, 21 they are too small to admit membrane impermeable dyes such as propidium iodide (PI). 11, 22, 23 Typically, the uptake of PI (and other DNA viability dyes) is only observed at the time of secondary necrosis, reflecting the final total loss of plasma membrane homeostasis. 24 However, the apparent lack of dye diffusion through perforin pores is surprising given the dimensions of the perforin pore. 10 Because the rate of diffusion through a pore is proportional to a solute's radius and concentration, 25 our ability to detect Ca 21 , but not PI movement through pores, may have simply reflected the fact that >4000-fold more Ca 21 than PI is expected to diffuse into the target cell using conventional experimental systems, given that Ca 21 (500 mM; RPMI 1640 media) has a diameter of 1Å, whereas PI (1 mM) has a diameter of 8Å. Consistent with free diffusion, we found that perforin-dependent uptake of both 32 P-dATP (6Å diameter) and PI (8Å) was concentration dependent, and the saturating concentration was proportional to diameter (supplemental Figure 3A-B) . PI is almost invariably used at concentrations of 0.5 to 1.5 mM, as this is easily sufficient to distinguish dead cells that cumulatively bind PI in their nuclear DNA. However, at higher concentrations, PI can also be detected in the cytosol, as it also fluoresces on binding to cytosolic RNA. 26 Cells treated with sublytic doses of recombinant perforin in the presence of 1 to 10 mM PI showed minimal fluorescence (supplemental Figure 3B ), but this was greatly increased when higher concentrations of PI (25-250 mM) were used. These data demonstrate that, contrary to the conclusions of previously published work, PI readily diffuses through perforin pores, but concentrations of PI higher than those traditionally used are needed to detect it.
To investigate whether similar uptake of PI can be demonstrated after the formation of a genuine immune synapse, we used primary human natural killer (NK) cells and HeLa target cells. As with previous studies, 24 significant cytoplasmic fluorescence did not occur (other than at secondary necrosis) when 1.5 mM PI was used. However, with 100 mM PI, we observed a sudden "blush" of cytosolic PI fluorescence emanating from the point of cell-cell contact (point X, Figure 3A ; supplemental Movie 1). The fluorescence diffused across the cell to the distal pole (point Y) and accumulated in the nucleus over time. Importantly, when apoptosis was blocked using a combination of Bcl-2 overexpression, broad caspase inhibition (Q-VD-OPh), and a specific granzyme B inhibitor (compound 20), 20 ,27 uptake of PI was unaffected (supplemental Figure 3C ). The cells remained adherent and intact, demonstrating that PI uptake was not a consequence of cell death but an early consequence of perforin action. Similar to NK cells, uptake of PI was also observed when synapses were formed between mouse CD8
1 T lymphocytes and mouse target cells (Figure 3B-C; supplemental Movie 2). Again, we observed PI emanating from the immune synapse followed by diffusion throughout the cytoplasm and ultimately nuclear labeling. To quantify fluorescence in the target cell as a function of time, we measured PI fluorescence at a point close to (proximal) or furthest from (distal) the immune synapse ( Figure 3D ). We observed a rapid increase in fluorescence proximally, which peaked at ;20 seconds ( Figure 3E ), followed by gradual equalization across the cell. The stabilization of PI fluorescence is consistent with formation of pores at the synapse, followed closely by their repair. Importantly, no change in intracellular PI fluorescence was observed in bystander cells; uptake of PI was confined to cells in contact with NK cells ( Figure 3E ).
Synchronizing the lethal hit
The early and invariant uptake of PI by target cells destined for cell death provided an easily observable reference point to which the subsequent events in the process of cell death could be conveniently related. For example, we measured the timespan between PI uptake and target cell rounding, which occurs as a consequence of cytoskeletal changes downstream of granzyme B delivery. Some cytoskeletal proteins are cleaved directly by granzyme B
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; however, the total inhibition of granzyme B-mediated cell death by Bcl-2 overexpression 29 indicates that mitochondrial disruption and subsequent caspase-dependent cleavage is the dominant mechanism. Again, we studied large numbers of CL/target cell synapses. In 186 functional synapses that resulted in NK-mediated cell apoptosis, we found that target cell rounding occurred even within 2 minutes of the "PI blush," and .50% of rounding events occurred within 10 minutes ( Figure 4A ). In every case, early PI uptake and cell rounding were (Figure 2 ), these data demonstrate the rapid delivery of granzymes during CL attack.
Conjugation of NK cells with their targets results in receptor activation and calcium influx in the killer cell. To further validate our findings, we asked whether effector cell activation preceded PI uptake in the target cells. Entry of extracellular calcium into the killer cell is essential for NK cell degranulation, 30 so we monitored intracellular calcium by labeling the human NK cells with the calciumsensitive dye Fluo-4. Conjugate formation resulted in an increase in intracellular calcium in the effector cell that was followed, within 30 seconds to 3 minutes, by PI uptake in the target cell ( Figure 4B ; supplemental Movie 3). Similar findings were observed in wt mouse NK cells ( Figure 4C ; supplemental Movie 4), but as death was perforin dependent, and no PI uptake occurred if Prf 2/2 NK cells were used, despite normal conjugate formation and activation, as assessed by calcium influx ( Figure 4D ; supplemental Movie 5).
Endocytosis is not required for perforin-and granzyme-induced cell death
Our data to date were consistent with rapid and unidirectional granzyme entry into the target cell by direct diffusion at the plasma membrane. To explore the endosomolytic idea in detail, we generated an active recombinant perforin-eGFP reporter protein (supplemental Previous studies have shown that cells respond to pore-forming proteins such as streptolysin O by upregulating endocytosis, 31 prompting the hypothesis that endocytosis-mediated repair stimulates perforin and granzyme entry into the endosome. 11 We tested whether exposure of cells to perforin upregulated endocytosis by assessing uptake of both transferrin and wheat germ agglutinin (WGA). As shown in supplemental Figure 5J -L, perforin treatment had no significant effect on uptake of transferrin or WGA, indicating that perforin does not influence plasma membrane endocytosis.
The leaky endosome model 12, 15, 16 also proposes that assembly of granzyme-permeable perforin pores only occurs after endocytosis. To further determine whether endocytosis is essential for cytotoxicity, we used a number of approaches to disrupt the endocytic and intracellular trafficking pathways and then assessed granzyme B cytotoxicity. Treatment with the sterol-chelator methyl-b cyclodextrin (supplemental Figure 6A-D; supplemental Materials) or overexpression of a dominant negative dynamin K44A mutant (supplemental Figure 6E-G; supplemental Materials), which disrupt endosomal trafficking, or treatment with the microtubule depolarizing agent nocodazole (supplemental Figure 6H) , had no significant inhibitory effect on perforin/granzyme cytotoxicity.
Finally, we investigated whether the acidic conditions of the endosomal compartment can support the assembly of functional pores. The early endosomal pH is generally in the range 6.0 to 6.5. 32 We examined perforin's ability both to form pores and lyse cells under various pH conditions. Consistent with previous studies, 33 perforin lysis was strongly inhibited under acid conditions with complete inactivity at pH 6.1 (data not shown). This was not caused by loss of perforin binding, consistent with previous studies. 34 Importantly, perforin was not denatured at mildly acidic pH, as its activity was For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From completely recovered when the pH was restored to 7.4 (supplemental Figure 7A) . We postulated that the pH dependence of perforin activity might reflect conformational rigidity under acid conditions that would preclude pore formation. We measured the unfolding transition temperature of perforin as a function of pH via fluorescencebased thermal shift assay. 35 A decrease in pH resulted in an increase in the unfolding transition temperature, both in the absence and presence of calcium (supplemental Figure 7B) . These results suggested that at low pH perforin was structurally more stable, and therefore it was energetically less favorable to undergo the conformational changes required for oligomerization and membrane insertion. To test this directly, we visualized perforin pores on lipid monolayers by negative stain electron microscopy (EM). Although pores were readily seen at neutral pH, few were formed at pH 6.5 and none at pH 6.0, despite the protein being able to bind to the monolayer ( Figure 5 ). The acidic environment of the endosome is therefore incompatible with formation of perforin pores. Even when the endosomal compartment was deacidified with the highly specific vacuolar proton pump inhibitor bafilomycin A1, 36 no effect on perforin-dependent granzyme B cytotoxicity was observed (supplemental Figure 7C ), consistent with the pores having already formed on the cell surface.
Although we cannot completely eliminate the possibility that some granzyme may enter by other mechanisms, our data demonstrate that endocytosis is unlikely to play a dominant role in perforin-mediated granzyme delivery.
Discussion
In this study, we elucidated the functional mechanism of perforinmediated granzyme delivery during CL attack. Our results demonstrate that perforin forms transient pores on the surface of target cells, providing a short window of time for direct entry of granzymes into the cytosol. For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From
Early observations in the 1980s 1,2 clearly showed that perforin forms large (150Å) transmembrane pores. However, because of the inability to measure diffusion of granzymes through these pores and the lack of knowledge on perforin structure, the field sought alternative explanations for perforin and granzyme synergy: the endosomolysis mechanism. According to this hypothesis, perforin forms small granzyme-impermeable pores on the target membrane, which facilitate perforin and granzyme entry through cointernalization. Importantly, one of the most compelling pieces of evidence against diffusion of granzymes through plasma membrane pores was that previous studies examining the action of sublytic perforin on cells have not revealed the uptake of relatively small (eg, PI, ;8Å) fluorescent dyes by target cells, 11, 22, 37 despite efficient uptake of smaller (;1Å) Ca 21 ions. Indeed, our own previous studies suggested perforin pores formed on the plasma membrane were too small to allow diffusion of membrane impermeable dyes because when conventional concentrations of the membrane impermeable dye PI (0.5-1.5 mM) were used, PI staining was only observed in cells late in apoptosis, when significant accumulation of PI had occurred in DNA. 24, 27 We recently demonstrated by cryo-EM analyses that the dimensions of the perforin pore (150-200Å) are easily large enough to accommodate the passage of granzymes (;50Å) and, by default, smaller nuclear dyes. These new structural insights led us to revisit the mechanism by which CLs use the pore-forming perforin to deliver granzymes. We refined experimental systems so that they would be capable of detecting transmembrane diffusion and demonstrated that earlier experimental approaches did not resolve the time point at which the membrane is breached by perforin pores. Indeed, our new experimental conditions revealed the following: (1) the precise timing of effector cell activation (Ca 21 influx), followed by (2) perforindependent membrane disruption (PI influx within ;3 minutes), (3) membrane resealing (initiated within 20 seconds, with complete stabilization of intracellular PI by 80 seconds), and (4) remarkably rapid initiation of apoptosis (.50% cells underwent rounding within 10 minutes). This sequence of events has never been resolved and measured in the past. Overall, the apparent consistency between our in vitro data using recombinant reagents and measurements under physiological immune synapse conditions provides direct and compelling evidence for the formation of granzyme-permeable pores on the target cell plasma membrane. Furthermore, the "blush" of PI fluorescence revealed in the current study offers a unique and useful tool that marks delivery of the lethal hit by perforin-dependent killer cells, which will be valuable for future studies investigating the cytotoxic immune synapse.
Membrane repair of perforin pores has been previously described by others 11 and resembles the membrane repair response observed following treatment of cells with bacterial pore-forming streptolysin O. 38, 39 However, unlike previous studies with perforin, 11, 13 our experiments have directly demonstrated using a variety of experimental strategies that the repair of perforin pores from the cell surface does not facilitate entry of granzyme B into the cytosolic compartment but rather precludes it. This leaves only a very short window of opportunity for granzyme B delivery into the cytosol, which is nevertheless sufficient for processing a lethal amount of Bid. Using various readouts of perforin-induced membrane damage, the time of repair remained remarkably predictive of the loss of perforin and granzyme synergy, further validating our conclusions. These data highlight the essential requirement for the nearsynchronous delivery of both perforin and granzyme B. An unexpected but fascinating offshoot of these studies was providing the explanation for a phenomenon that has puzzled the field for a long time: how nontoxic concentrations of perforin allow delivery of granzyme B, causing death to almost every cell exposed. We showed that even sublytic amounts of perforin are sufficient to allow the formation of pores capable of transiting granzyme B into most cells in the population; however, these cells can rapidly repair the damage and thus resist lysis. This is in contrast to earlier findings that suggested sublytic perforin only acts on a subset of cells within the population, prompting the conclusion that granzymes could enter target cells even in the absence of detectable plasma membrane pore formation.
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Perforin and granzyme molecules can be endocytosed from the target cell surface over time, as does any other extracellular material. Indeed in our study, we generated functional fluorescent perforin and directly measured its rate of uptake in live cells. Uptake of perforin was indistinguishable from constitutive membrane internalization (WGA uptake). Similarly, constitutive uptake of granzyme B into the endosomal compartment is well documented, yet it remains inert within these compartments. 5, 6, 40, 41 Consistent with this, endocytosis of perforin and granzymes was not required for cell death, because disruption of key mediators of endocytosis and intracellular trafficking including dynamin-dependent endocytosis, cholesterol-dependent endosomal trafficking, or microtubule integrity, had no effect on granzyme B cytotoxicity. This is in agreement with previous studies, where overexpression of dominant negative rab5 and knockdown of key players of the clathrin-dependent endocytosis pathway had no significant effect on the capacity of CLs to induce target cell death. 13, 32, 42 Our data suggest that diffusion of granzymes through transmembrane perforin pores appears to be the dominant mechanism of granzyme delivery to the target. However, we cannot completely exclude the possibility that incomplete pores or "arcs" proposed by Praper et al 17 may trigger a slower, albeit concurrent, endocytic granzyme delivery pathway.
Clearly, one of the keys to perforin's mode of action appears to be its dependence on the neutral pH and high Ca 21 found within the extracellular environment, whereas acidification and calcium depletion associated with endocytic compartments 43 are incompatible with perforin pore formation. Therefore, although perforin binding to lipid membranes is likely to be a stochastic, Ca 21 -dependent process, Figure 5 . Perforin oligomerization is pH dependent. pH-dependent perforin pore formation. Negative stain EM images of perforin oligomers formed at pH 6.0, 6.5 and 7.5 on lipid monolayers. Scale bar, 20 nm.
our direct cryo-EM analysis demonstrated that the pH of the membrane environment controls its capacity for oligomerization and pore formation.
The current findings also led us to revisit our previous work in which we were unable to visualize passage across the target cell plasma membrane of fluorescein isothiocyanate (FITC)-labeled granzyme B delivered with sublytic perforin, which then caused us to propose a role for perforin in endosomal disruption. 16 The concentration of granzyme B used in the 1999 study was typically 25 to 75 nM, as this amount potently induces cell death. Given that visualizing diffusion of PI through perforin pores in the current study required PI concentrations around 100-fold higher, it is hardly surprising, in retrospect, that our study and several other subsequent ones were not able to directly show FITC-granzyme B in the cytosol. Ironically, our 1999 study used nuclear accumulation of FITC-granzyme B as a late marker of target cell death: granzyme B, a very basic (theoretical pI . 9.0) cationic molecule, has strong ionic affinity for anionic DNA. It is only when FITC-granzyme B becomes strongly concentrated that it, like PI, can be readily detected by light microscopy.
In conclusion, this study has resolved one of the critical mechanisms of the immune defense: the delivery of the lethal hit by CLs. Using an evolutionarily conserved mechanism of oligomerization and pore formation, the key effector molecule perforin has evolved to function within the high calcium and neutral pH conditions found within the extracellular environment of the immune synapse. We showed that delivery of the lethal hit at the immunological synapse occurs through transient perforin pore formation on the plasma membrane surface of target cells. This provides a direct and most efficient means of delivering the lethal granzyme cargo. This process represents a rate-limiting step used by the innate and adaptive arms of the immune response to eliminate virus-infected and transformed cells within the body.
